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Edited by Michael R. BubbAbstract The gene product of EFHC1 recently implicated in
juvenile myoclonic epilepsy (JME) was found to be a homolog
of Chlamydomonas axonemal protein Rib72, whose homologs
are present in a wide variety of organisms that have motile cilia
and ﬂagella. Western blot analyses and immunoﬂuorescence
localization of the mouse ortholog mRib72-1/Efhc1 indicated
that it is indeed abundantly present in sperm ﬂagella and tracheal
cilia but only in a small amount in the brain. It is not present in
immotile primary cilia. These observations raise the possibility
that malfunction of motile cilia is involved in the development
of JME.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Chlamydomonas1. Introduction
Mutations in the EFHC1 gene have recently been shown to
cause juvenile myoclonic epilepsy (JME) [1]. This ﬁnding is
quite unexpected because we noticed that the product of this
gene is homologous to Rib72, a protein that has been identiﬁed
in Chlamydomonas as a component of ﬂagellar axonemes [2,3].
We report here that the gene product of its mouse ortholog,
Efhc1, is indeed present in tracheal cilia and sperm ﬂagella
and expressed only little in the brain.
Chlamydomonas Rib72 (also called p72), a 72 kDa protein
with three tandemly repeated DM10 domains and two EF-
hand motifs, has been postulated to function in the Ca2+-
dependent regulation of ﬂagellar motility [2] and shown to
be a component of the ‘‘three-strand ribbon’’, a stable group
of tubulin protoﬁlaments that remains insoluble after extensive
Sarkosyl extraction of the axoneme [3]. Immuno-electron
microscopy suggested that, in intact axonemes, a large part
of Rib72 is buried within the outer doublet microtubules, while
a short segment is exposed such that it is easily cleaved to yield
a 45 kDa fragment by mild protease treatment of the axo-
neme. Intriguingly, the axoneme loses its integrity concomi-
tantly with the proteolysis of Rib72. From these
observations, Rib72 is thought to play particularly important*Corresponding author. Fax: +81 3 5800 6842.
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tent with its importance in the axoneme, its homologs have
been found in a variety of organisms with motile cilia or ﬂa-
gella, such as human, mouse, sea urchin, and Drosophila. In
contrast, no homologs have been found in organisms that lack
cilia, such as yeast. Caenorhabditis elegans, which has only
non-motile sensory cilia, does not have a close homolog [4],
although it has a sequence with some similarity in domain
organization. The pattern of appearance of Rib72 homologs
in various organisms suggests that Rib72 is essential for motile
axonemes, but possibly not for immotile cilia. However,
whether the Rib72 homologs in organisms other than
Chlamydomonas are actually axonemal proteins is unknown.
Since the recent report [1] showed that a mouse homolog,
mRib72-1/Efhc1, is present in the dendrite and soma of neu-
rons but did not show its presence in cilia and ﬂagella, we
examined its expression pattern in mouse tissues. Our results
indicate that it is indeed present abundantly in the axoneme
but only little in the brain.2. Materials and methods
2.1. Animals and cells
Sexually mature SHN strain mice [5] were used. For observation of
primary cilia, NIH3T3 cells were maintained at 37 C in the DMEM-
low glucose medium containing 10% fetal bovine serum (FBS) in a
humidiﬁed atmosphere of 5% CO2/95% air. To induce primary cilia
at a high rate, cells were synchronized in G0 phase by incubation in
serum-deprived medium for 20 h [6], after they were grown to conﬂu-
ence [7].
2.2. Identiﬁcation of mouse homologs of Rib72
Mouse homologs of Rib72 were identiﬁed by BLAST database
search against full-length Rib72 amino acid sequence. Their domain
structures were analyzed using PROSITE and Pfam databases.
2.3. Northern blot analyses
Total RNAs were prepared from various tissues using TRIzol Re-
agent (Gibco-BRL) and ﬁnally dissolved in an appropriate volume
of a buﬀer containing 0.5% SDS that had been treated with DEPC.
Two lg of total RNA from each tissue was separated on a formalde-
hyde-containing 1.5% agarose gel and transferred to a Biodyne B
membrane (Nihon Pall, Ltd., Tokyo, Japan). For preparation of the
probe, ﬁrst strand cDNA was synthesized by Super Script II reverse
transcriptase (Invitrogen) using oligo(dT)12–18 primer. Using it as tem-
plate, the full-length coding region of mRib72-1 was ampliﬁed by PCR
using the primers mp66ﬂ-F EcoRI [5 0-CGG AAT TCA TGG GGAblished by Elsevier B.V. All rights reserved.
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GCA TTC TCT CGT TCA GGT C-3 0], and labeled with 32P. It was
used as the probe. A 18S rRNA gene (Accession No. K01364) fragment
was also ampliﬁed by PCR using the primers mouse rDNA 1F [5 0-
GAG GGG AGA GCG GGT AAG AG-3 0] and mouse rDNA 1R
[5 0-ACA GGG CCT CGA AAG AGT CC-3 0], labeled and hybridized
as loading control. Hybridization was performed as described in Ref.
[3]. The membranes were analyzed with BAS-2100Mac (Fuji ﬁlm Co.).
2.4. Antibody production
For production of the antigen peptide, a partial sequence was ampli-
ﬁed by RT-PCR using the primers mp66-F [5 0-GGC CAT GGT CAT
GGT GCA GGG TAC AGA GG-3 0] and mp66-R [5 0-AGA GAT
CTG TAG TTA ATC CTG CCT TCT CCG-3 0]. The product was li-
gated to pGEX-2T vector (Amersham Biosciences) and transfected
into bacteria. By addition of isopropyl-b-D-thiogalactopyranoside
(IPTG), the transfected bacteria were induced to express the polypep-
tide corresponding to amino-acid residues 554–639 fused to GST. This
product was puriﬁed using Glutathione–Sepharose 4B (Amersham
Biosciences), followed by digestion with thrombin (Amersham Biosci-
ences). The peptide was separated by SDS–PAGE and the correspond-
ing band was cut out. It was dialyzed against phosphate-buﬀered saline
(PBS; 137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, and 1.47 mM
KH2PO4, pH 7.5), emulsiﬁed with Freunds adjuvant (Nacalai Tesque,
Inc., Kyoto, Japan), and used as the antigen to immunize rabbit. Anti-
body was puriﬁed from the serum by a blot-puriﬁcation method [8]
using the peptide antigen.
2.5. Preparation of spermatozoa and tracheal epithelia
Mature spermatozoa were obtained by squeezing dissected epididy-
mis [9]. Tracheal epithelia were obtained by scratching inner surface of
trachea with a scalpel. They were collected by centrifugation.
2.6. Western blot analyses
Mouse tissues were homogenized in a dialysis buﬀer (5 M urea, 2 M
thiourea, and 0.5% Triton X-100) and mixed with a SDS–PAGE sam-
ple buﬀer (50 mM Tris–HCl, 2% SDS, 6% b-mercaptoethanol, 12%
glycerol, and 0.025% bromophenol blue, pH 6.8). Western blot proce-
dures were modiﬁed from Ref. [10]. Immunoreacted bands were de-
tected using an alkaline phosphatase-conjugated, aﬃnity-puriﬁed
goat anti-rabbit IgG antibody (Sigma–Aldrich) and BCIP/NBT Mem-
brane Phosphatase Substrate System (KPL).
2.7. Indirect immunoﬂuorescence observations
Indirect immunoﬂuorescence experiments for spermatozoa were per-
formed as previously reported [11] with minor modiﬁcations. Sperma-
tozoa were treated with PBS containing 0.5% Triton X-100 and
attached to a micro glass slide with polyethyleneimine. Specimens were
treated with cold methanol (20 C), blocked with an IF blocking buf-
fer (5% normal goat serum, 5% glycerol, 1% ﬁsh gelatin, and 10 mM
sodium phosphate, pH 7.2), and incubated with the anti-mRib72-1/
Efhc1 antiserum and an anti-acetylated a-tubulin antibody (monoclo-
nal 6-11B-1; Sigma–Aldrich). Subsequently, these samples were incu-
bated with Cy3-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Inc.) and FITC-conjugated goat
anti-mouse IgG (Sigma–Aldrich). For observation of cultured cells
and tracheal epithelia [12], cells were ﬁxed with formaldehyde in PBS
supplemented with Ca2+ and Mg2+ (PBS+), followed by permeabiliza-
tion with PBS containing 0.5% Triton X-100. After blocking, aﬃnity-
puriﬁed anti-mRib72-1 antibody and monoclonal 6-11B-1 antibody
[13] were added, followed by incubation with Cy3-conjugated sheep
anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG (Sigma–
Aldrich). Specimens were observed with an Axioplan microscope
(Zeiss, Oberkochen, Germany).Fig. 1. Domain structures of Chlamydomonas Rib72 and a mouse
homolog, mRib72-1/Efhc1. Both of them consist of three tandemly
repeated DM10 domains and two EF-hand motifs (EFh) at the C-
termini.3. Results
We performed a BLAST search with the total sequence of
Chlamydomonas Rib72 (Accession No. AF512500) as a query
and found homologous sequences in a variety of organisms
including two in mouse. We named these two mouse sequencesmRib72-1 (XM_129694) and mRib72-2 (AK016714), and cor-
responding genes mRib72-1 and mRib72-2. The recently re-
ported mouse ortholog of human EFHC1 gene Efhc1 [1] is
exactly the same as mRib72-1, although no mention has been
made of its similarity to the RIB72 gene. The amino acid se-
quence of mRib72-1/Efhc1 is 35% identical with that of Chla-
mydomonas Rib72. Domain search analyses using PROSITE
and Pfam indicated that the protein mRib72-1/Efhc1, like
Chlamydomonas Rib72, contains a tandem repeat of three
DM10 domains of unknown functions, and two EF-hand mo-
tifs at the C-terminal region (Fig. 1). mRib72-2 has a sequence
identity of 35% to mRib72-1 and a similar domain organiza-
tion with three DM10 motifs and two EF hands. This protein
was not studied in this study.
To determine the localization of the mRib72-1/Efhc1 pro-
tein, we produced rabbit polyclonal antibody against its partial
sequence. Western blot analyses of spermatozoa and tracheal
epithelia indicated that the antibody reacted with a single band
of about 75 kDa, the molecular weight predicted from the
cDNA sequence of mRib72-1/Efhc1 (Fig. 2A). Indirect immu-
noﬂuorescence observations showed that mRib72-1/Efhc1 is
localized to the sperm ﬂagella and tracheal epithelial cilia
(Fig. 2B). This is consistent with the axonemal localization
of Rib72 in Chlamydomonas [2,3], suggesting homologous
functions of the mouse and Chlamydomonas proteins.
Northern analysis of various tissues with the full-length cod-
ing region of mRib72-1/Efhc1 cDNA detected a strong 2.4 kb
band (transcript A) in testis, and faint bands at 4.5 kb (tran-
script B) and 0.8 kb (transcript C) in all the tissues examined
(Fig. 3). The 2.4 kb band agrees with the size expected for
mRib72-1/Efhc1. The two faint bands may well be splice vari-
ants, as observed in the human EFHC1 gene [1]. Importantly,
in the brain, transcript A is present only faintly and much
weaker than the other two bands.
Western analysis with the mRib72-1/Efhc1 antibody indi-
cated that this protein was abundantly expressed in testis, tra-
chea, and oviduct, moderately in lung, and slightly in brain; no
clear band was observed in the 75 kDa region in other tissues
although this antibody tended to react with non-speciﬁc bands
in the background (Fig. 4) and a few uncharacterized bands in
some tissues. The relative intensities of the speciﬁc 75 kDa
band among diﬀerent tissues indicate that this protein is most
abundantly expressed in tissues that have cilia or ﬂagella. As
mentioned in Section 1, Rib72 is evolutionarily conserved
and probably functions in the cilia and ﬂagella of a wide vari-
ety of eukaryotes. Interestingly, C. elegans, which has only
immotile sensory cilia, has been shown to have no Rib72
homologs [4]. Thus Rib72 proteins may be present only in mo-
Fig. 2. Axonemal localization of mRib72-1/Efhc1. (A) Western blot of sperm, tracheal epithelia and NIH3T3 cells. Note that sperm and tracheal
epithelia show a band at about 75 kDa, whereas NIH3T3 cells do not. (B) Immunoﬂuorescence observations of sperm, tracheal epithelium, and
NIH3T3 cells. DIC, diﬀerential interference contrast images. mRib72-1/Efhc1 localizes along sperm ﬂagellum and tracheal cilia. In contrast, no signal
of mRib72-1/Efhc1 is detected in primary cilia, which is clearly stained with anti-acetylated a-tubulin.
Fig. 3. Northern blot of various tissues. Two lg of total RNA was
loaded on each lane. Strong signal of transcript A, corresponding to
the mRNA of mRib72-1/Efhc1, is observed in testis and oviduct, while
faint signal is found in some tissues including brain. Transcripts of
4.5 kb (B) and 0.8 kb (C) are found ubiquitously. Note that
transcript A in brain is much less than those possible splice variants.
Fig. 4. Western blot of various tissues. One hundred lg of total
protein was loaded on each lane. Asterisks at the right side of
immunoreacted bands indicate the bands of mRib72-1/Efhc1. Non-
speciﬁc bands are also found in some lanes. Tissues that have motile
cilia or ﬂagella are marked with ‘‘+’’ and those that lack them with
‘‘’’.
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immunoﬂuorescence observations on the immotile primary ci-
lia in NIH3T3 cells. Conﬂuent and interphase-synchronized
NIH3T3 cells were double-stained with the anti-mRib72-1/Efhc1 polyclonal antibody and anti-acetylated a-tubulin
monoclonal antibody [13] (Sigma–Aldrich), using the same
procedure as used for observation of tracheal cilia. As shown
in Fig. 2B, no signal of mRib72-1/Efhc1 was detected in the
NIH3T3 cells, even though the tubulin antibody clearly de-
tected primary cilia. These results suggest that mRib72-1/Efhc1
functions only in motile axonemes.4. Discussion
In this study, we have shown that the human EFHC1
gene product is a homolog of a Chlamydomonas axonemal
protein, Rib72, and that its mouse ortholog, mRib72-1/
Efhc1, is in fact present in the ﬂagellar and ciliary axo-
nemes. A recent study performing extensive genetic analyses
of families with JME has identiﬁed a close correlation be-
tween speciﬁc point mutations in EFHC1 and the disease
[1]. The protein EFHC1 localizes to the dendrite and soma
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The mutations observed in aﬀected individuals appear to re-
duce the cell-death eﬀect of EFHC1. Most intriguingly,
EFHC1 has a property to bind with a voltage-dependent
calcium channel, Cav2.3. This calcium channel and Efhc1
co-localize to the brain in adult mice. These observations
have led the authors to suggest that this genetic disease is
caused by some abnormality in the Cav2.3-dependent apop-
totic activity of EFHC1, which may function in elimination
of unwanted nerves in the central nervous system. However,
as we have shown in this study, mouse mRib72-1/Efhc1, as
well as Chlamydomonas Rib72 [2,3], is a prominent axone-
mal protein. In fact, the supplementary on-line data of
Ref. [1] show an enormous Efhc1 signal in the mouse testis;
its signal appears by far the strongest among all the tissues
shown. Our own northern blot analyses using the full coding
region of mRib72-1/Efhc1 cDNA as a probe have detected
expression of 2.4 kb mRib72-1/Efhc1 transcript strongly
in testis and oviduct, and only very weakly in other tissues
including brain (Fig. 3). In addition, in all the tissues exam-
ined, it also detected faint bands at 4.5 and 0.8 kb, which
may well be splice variants of mRib72-1/Efhc1. Importantly,
in the brain, the expression of these possible splice variants
is greater than that of mRib72-1/Efhc1 mRNA. These results
cast strong doubt on the relevance of some of the data pre-
sented in Ref. [1] regarding the cause of JME. Namely, the
authors demonstrated that overexpression of EFHC1 protein
in mouse hippocampal primary cultured cells caused apopto-
sis, and suggested that mutation-induced disorder in the
apoptosis regulation is the cause of JME. However, since
mRib72-1/Efhc1 is expressed only weakly in the brain, as
compared with its expression in testis, or with the expression
of the possible splice variants, any eﬀect of artiﬁcially over-
expressed EFHC1 may not be relevant to its true function in
the brain. Given the strong genetic evidence for the involve-
ment of the EFHC1 gene in JME [1], and its predominant
expression in cilia and ﬂagella, it seems possible that ciliary
malfunction is somehow involved in the development of the
disease. Alternatively, some splice variants may be impor-
tant.
Our immunoﬂuorescence observation showed that
mRib72-1/Efhc1 is present in ﬂagella and motile cilia but
not in immotile primary cilia. Hence this protein may well
function only in motile cilia and ﬂagella. We have also no-
ticed that the mouse genome has another homologous gene,
mRib72-2, which may have a similar function. Our prelimin-
ary northern analyses indicated that this gene is also ex-
pressed in testis, although weaker than mRib72-1/Efhc1
(data not shown). mRib72-2 may well function in combina-
tion with mRib72-1/Efhc1, or in some particular type of ci-
lia. As well as the mechanism by which mutations in the
EFHC1 gene cause JME, the speciﬁc function and localiza-
tion of the two mRib72 homologs remain an important
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